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5 Title of the Invention 

Modei Predictive Control (MPC) System Usii^g DOE Based Model 

Field of the Invention 
The present invention relates to a model predictive control system that 
iO u$Hs a stati^iicEil .model and more particuiarly but not excbsively to such a 
system using a DOE-based statistical modd for example in a manufacmring 
control system that iise^ empirical data as part of an automatic process control 
(APC) model 

1 5 Backgroxmd of the Invention 

Automatic process control as a means of controlling the conditions 
under which a process is carried out is well known. For many years, simple 
and Then steadily more complex closed loop control has beem introdncsd. The 
control loop ases a formula or mode! to relate a process output to one or rno]^ 
20 inputs and, as the output varies, feedback is used to alter the inputs to ensure 
that thfi oiTtput st^ys on track. 

Certain processes, however, require large numbers of variables having 
complex relationships therebetween to be incorporated into a model for 
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efleetive coiitroL In particular some of the variables involved may be variables 
tlial are not chai^geable by a feedback sigmlj such as the quality of ati ij^puC 
pfodiict. In such cifcnmstances a fully comprehensive model is difficult *ro 
biaild. Such a fully compre1u£u$ive unodel raay be particularly useful in the 
5 event that extremely high quality is required in the resulting product. An 
example is silicon wafer jsroduction. 

A model is esseiitially an educated gusss as lo th& relationship between 
3rj output and one or more system inputs. The model is reqitired to predict the 
behavior of the process under different iuput parameters. Accurate prediction 

10 is required if the process is to be controlled to produce desired results. Thus^ 
methods of deriving a model may be referred to as prediction methods. 

A particularly usefiil group of prediction methods comprises what are 
known as empirical prediction methods* In empirical prediction methods, 
$xi$tiT)g process data, that is to say actually measured inputs and outputs, are 

1 5 utilized to deJlne the model. Different methods use different ways of analyzing 
ihe data and incoipor&ting ii into a model to arrive at a prcdicrion of an output 
for any given $et of input parameters. The terai "data" is used he.rein to refer 
imer ulia to the quantificMioii of ^y ob^rvaWe parameter regarding the 
process. 

20 Applicant's previously filed application no. USSN 09/689,884 concerns 

a maniifactiring control system, known a process output empirical modeler 
(POEM) that u$es an empirical prediction method to provide a moiiel a& a basis 
for A?C to operate a process, in pardcular a factory-based production process. 
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The model divides both input and output parameters into discreet sections, 
builds vectors of ail reasonable conibinations of the different discrete sections 
of iJie input parameters and uses eijipirical data to associate each ox the vectors 
vv'ith a $ti^tistical average of actual outputs corresponding to the given vector. 
5 The vectors, with their corresponding results sre then placed m the forni of a 
lookup tabk and used in APC as part of a control process that optimizes the 
inputs that can be varied, in the hght of the inputs that carniot be varied, to 
airive at a desired result. 

Another empirical method diat may be used is die method of 

10 classification and regression trees, CART. The skilled person will be aware of 
numexous other methods that make use of empirical information and to which 
the present con$ideration$ applicable, $udi as CHAJD, and Nem-al Nets, 

A disadvantage of the above system, and indeed of any sy^em requiring 
stati^ically significant cmpifieal data, is that it requires relatively large 

15 amounts of data before it can begin to rjn etTectively. Furthermore^ it is not 
sufficient to have a large quantity of data. It is additionally accessary to have a 
good scatter of data acros.<t the input space. Certain parts of the input space 
may be utilized only rarely and it may require a very large number of 
experimej)t$ to effectively fill rately used part$ of the input space, lo the case 

20 of POEM tor example, each input vector should preferably have a statistically 
significant set of outputs that can be processed to provide a meaningful average 
output for the given vector. 

The data to be relied upon may often be user specific, as different 
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ina-nufactuiers, even if making fhe same product, may often inseii; thcLr own 
proprietary variations to the process, or may use input materials from different 
sources^ which input materials may behave slightly differently in the process. 
Manufacturers are not generally willing to provide data sets to their 
5 conipeCitoi'S, and $y$teni manufacturers generally do not carry out the process 
and thus do not have their ovm independent data sets to sell along with tlie 
system. 

For all of the above reasons, providers of the system are generally 
unable to provide meaningftil datasets with "die systems, 

IQ Thus each new purchaser of a system is required to develop his own data 

set, and until he has done so the system caRnot be used effectivdy. The 
number of process re$ults required to provide statistically significant coverage 
of thy errtire input space is often very high, especially where there are large 
numbers of paiamstsrs involved. Depending on the process^ individual 

1 5 experiments may be ejqpensive or time-consutning or both. 



Summary' of the Invention 
The present invention is concerned with the problem of providing a 
robust model that naay allow operation of the system prior to the user having 
20 been able to obtain a statistically significant data set. 

According to a first aspect of tJie present invention there is thus provided 
a system for automatic process control comprising an empirical prediction 
mode! of a process having an input space comprising input boundaries, the 

4 
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model requiring empirical data, md wherein at least some data for the 
empirical prediction model is simulated data. 

Preferably, the simulated data is data obtainable froTo a first forniuk 
describing the process. 
5 Preferably, the first formuk is obtainable by regression from a da^ set 

of experimental results of the process mn at least at its 'mput boundaries. 

Preferably., fte sinuilated data is obtainable from, said first formula at 
desired points across $aid input space. 

Preferably, tiie data set comprises the results of experixnents having 
10 mpui candiiions and whose input conditions are definable by a gaometiic 
spacing of said experiments across said input space. 

Preferably, the geometric spacing i$ selectable to give an even $pTead of 
experijr!ani$ across said input space. 

Preferably, tlie geometric spacing is selectable to cover at least the input 
15 bouadaries and a center of the input space. 

Preferably, the geometric spacir^g is in accordance with DOE 
predetenTiirsed placiisg rales. 

Preferably, the first formula is any one of a group comprising a linear 
formula, a linear foimuia with j,nieiactioiJ between inputs, a quadratic formula 
20 and a quadratic formuia with interaction between inputs. 

Preferably, the input space m divisible into discrete regions, and wherein 
said empirical model comprises predicted proce$$ outpur$ sss$ociated with each 
discjefe region. 

5 



£5"DEC-EOTe: 17:15 FROM: G . E. EHRLICH 1935 LTD '3TE4-3+61ET5T5 



TO: 703 5340673 



In an embodimeiitj the autpufe are process outputs. 
Preferably, results for s^d predicted outputs are producible by said first 
fonniik and obtainable &om running said process, said results being 
iuteichangeable wifhrn said empirical model. 
^ The system preferably flirdier comprises m etxipiricai results quantity 

assessor for interchanging results produced by said first formula with results 
obtained from rcmnitig said process when said results obtained from mnning 
3aid process are assessed to be statistically 3igni0caTJt according to at least one 
predetermined criterion of significauce. 

10 Ptefoiably, the system has a prediction quality assessor for 

interchanging results obtained by running said process with results obtained 
frotn said fiTiit fonnula when a prediction of said empirical model is assessed to 
diverge significandy from an outcome of said process accordli:jg to at ieast one 
predetermined criterion (>f sigiiificajnce. 

15 The system preferably comprises a process model using data and a data 

model for gsnerating data for said process model and aii empirical data 
exuactor for extracting data from said process for said model Preferably^ said 
da^ used by said pioeess model is interchangeable between data obtained by 
said data model and data obtained by said extractor. 

20 Preferably a pi^diction quality lessor interchanges results obtained by 

said exnractor with results obtained from said data model when a prediction of 
said process model is assessed to diverge significantly from a:n outcome of said 
process accordij)g to at least one pi?edetermined criterion of significance. 
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A prefcffed embodiment comprises an empirical re^^ults quaiitity 
assessor for interchanging tesviu produced by said data model with results 
obtained by said extractor when results oHained from nyming said process are 
assessed to be statistically significant according to at least one p-redetermiued 
5 criterion of significance. 

Preferably, said process mod^l is a lookup table. 

The lookap table preferably comprises ou^ut values for disctete regions 
of an input space within which f3aid process is operable. 

The data model is preferably a formula obtainable from outputs of said 
iO process associated with gaoiiietriedly spaced pOint$i of an input space within 
v/hich said process is operable. 

Preferably, said formula is any one of a group comprising a linear 
fonnnla, a linear formula with interactions^ a quadratic formula and a quadratic 
formula with interactions. 
15 Preferably, geometrically spaced points are evenly distributable about 

said input space. 

Preferably, said geometrically spaced points comprise points placed on 
the boundaries of said input space and a poiri placed ax a center of said input 
space. 

20 According to a s^econd aspect of the invention there is provided a 

method of automatically controlling a process, -using a dat^-ba$ed process 
model comprising thi; steps of 

generating data for said process model using a data generation formula, 

7 
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controlUng said ])iocm using said generated data m said process model. 
Preferably, the process has m input space and said dat^ geueratbn 
fonnuia is obtained by rurjjmig said process at preselected points in said input 
5 space. 

Preferably, the preselected points are orthogonally placed in said input 

space. 

Preferably, the preselected poij5t$ aie evenly spaced in said input space. 

Pref^abiy, at least some of said preselected points are placed at 
1 0 boundaries and a center of said input space. 

A preferred embodiment fardier comprises a step of replacing said 
generated data witli dat^i ejfnpiricaily obtained during the running of tiie 
OTOcess. 

Preferably, the step of replacing said generated data is carried out when 
15 said data obtabed empiricsdly h^ist reached a threshold of significance 
according to at least one predetennined significance criterion. 

A preferred embodiment comprises a forther step of reverting to data 
generated using a data generation formula. 

Preferably, md step of reverting is canicd out when results predicted by 
20 ^aid data-based process jnodel m detected to diverge from empirically 
measured process results by an amount exceeding a threshold of significance 
according tu at kast om predetermined significance criterion. 

A farther preterted embodiment uses an evolutionary approach to find 

8 
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an optimal oi>er4ting i^gion. The embodiment begins opefating a first input 
space, and if imsatisfied with the results achieved finds a further input space. 
Output results obtained in the second input space are compared with the first 
aisd used to detennine whether or not to move to a new operating area or input 
5 $pace. Such an embodiitient comprises tiie $tep$ o:f 
building a formula for a first input space, 
obtaining process output data for said first Input space, 
building a formula for a second input space, 
obtaining process output data for said second input space^ 
10 comparing said process output data for said second input space with 

process output data for said first input space, 

on the basis of said comparison selecting a third input space Tor 
obtaining process output data> 

and operating said process in. an optimal one of said input spaces. 

15 

Brief Description of the Drawings 
For H honm: understanding of the invention and to show how the same 
may be canied into effect, reference will now be made, purely by way of 
example, to the accompanying drawings. 
20 With specific reference now to the drawings in detail, it is stressed that 

the particulars shown are by way of example and for putposes of illustrative 
discussion of the pi-eferred embodiments of the present invention only, and are 
presented in the cause of providing what is beUsvcd to be the most useful and 

9 
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readily understood description of ±e principles aiid conceptual aspects of the 
invention. In rhis regard, m attempt is made to show structural details of the 
invention iii more detail than is necessary for a fundamental understanding of 
the ij^vention, the description takea with the drawings malcing apparent to tlicss 
5 skilled iii the art how the several fonns of the invention may be embodied in 
practice. In the accompanying drawings: 

Fig. 1 is a simplified flow diagram of a process for building a useful 
model to simulate empirical data. 

Fig. 2 is a simplified screen display for use in deflmng inputs and 
1 0 ouqjuts for preparation of a model in Hie px^ocess of Fig. 1 , 

Fig, 3 is a simplified screen display for use in defining a type of modsl 
in the process of Fig. 1 , 

Fig. 4 is a simplified screen display showing a table of e\T>eriments that 
may typically be reccmmended for building a model in the process of Fig. 1, 
15 Fig. 5 is a simplified flow diagram sbox^'ing the contiraiation of the 

process of Fig. 1, and detailing the buiidir^g of a model for simulating empirical 
data followed by use of the data for building a model fca- automatic process 
control. 

Fig, 6 is a screen display showing a typical model for simulating 
20 empirical data that may be produced by the process of Fig, 5. 

Fig. 7 is a typical screen display showing veirious statistical tools snd 
data that may be used to study a formula such as that of Fig, 5, 

Fig, 8 is a simplified graph showing evolutionary operation of DOE over 

10 



iC-m&c 17:19 FROn:G.E.E-^RL:CH 1995 LTD 97S-^3+Si£T575 TO:703 5340873 P. 61= 



an input space, 

pjgg 9 - 13 are isimpUfied graphs illu^txating DOE rules for defining the 
numbers aiid contents of experiments, and showing respectively two kvel two 
factor, thj^e level m'o factor, three level three factor, two level, two factor 
5 central composite design and three level two factor central composite design. 

Description of ttie Preferred Embodiments 
Before explmning at least one embodiment of the invention in detail, it 
is to be understood that the invention is not limited in its application to the 
10 details of coastnicuon and the arrangement of the components set forth in the 
following description or illustrated in ihe drawings. The invention is applicable 
to other embodiments or of being practiced or carried out in various ways. 
Al!$o, it is to be understood that the phraseology and terminology employed 
iierein is for tlje purpose of description and should not he regarded as limiting. 

15 In the preferred embodiment of the present invaition, a process or 

process step is taken and defined in termg of significant input and output 
p^ametcrs. The paranieters are then related using a model type, for example 
ibieax, linear vvith interactionSj quadraticj and quadratic with interactions . The 
number of parameters plus the model type preferably allows the calculation of 

20 how many experiments should be performed. Subsequently the system 
suggests input pammcters for each of the experiments in such a way thai result 
data representing the entire spread of the input space may be efficiently 
obtained. Essentially the process is operated hi different combinations of its 

11 
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extrtme operatiiig pomts for each of the input paraiiGeters in such a way as to 
peKTHit extrapolation across the entire input space. 

Tlie user is tben encouraged to cany out the recommended experijments 
and, record the results. The results are processed using a mathematical method 
3 called regxession to expand the results fiooi the extremes to covesr the entire 
input space in a meaningful manner The expanded results are then used as the 
raw data in an empirical method such as POEM. 

In tills >vay the empirical mediod may be used after only a small number 
of results hav$ been obtained, depending on the number of inputs and the w^y 
! 0 m which they are related. The generation of a fall $et of empirical data results 
with 8tatistically significaat data for all sectors of tlie input space, by contrast, 
may take a sigmficant length of time, 

Rjefcrence is now made to Fig, 1, which is a simpljfied flow diagram 
shoeing a procedure for obtaiiiiag data suitable for empirical prediction 
15 methods, operable in accordance with a first embodiment of the present 
invention. 

In Fig. 1, a process step is first defined in tenns of a series of inputs mid 
outputs. An input is given a name^ md is defined to be of any one of a number 
of tj^es. The types may be ^'measurable''* meaubg tot the input can be 
20 m.ea3ured by the automatic process control (APC) but cannot be altered by it. 
Alternatively, tlie input may be of type "controllable", meaning that not only 
cao it be measured but tliat it can be controlled by the APC. The input is thsn 



12 
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^iiisociated with a unit type. For ej^iinple, fine length measurements may be 
defined In terms of angstroms or nnvrons. 

Each of the inpatSi may then be associated with a Tneasurement range, 
Tlie range is preferably defined in teniis of ^ maximum expected or peimitted 

5 ievsl and a minimum expected or permitted level 

If there k more ihm one output associated wiih any given input, then the 
input may be associated independently with each of Two di^ffejent output levels. 
This is for example achievabte by associating the input with different 
weightings for mch of the associated outputs. 

iO Likewise, one or more outputs are defined, again in terms of a 

measurement unit and a range. The range m^y be inserted witli upper and 
lower limits as was done with the bpats or alteniatively a simple range having 
a numerical value but not having upper or lower limits may be entered. 

Reference is now made to Fig. 2, which is a simplified diagram showing 

J 5 the layout of a computer screen for defining a proce$$ $tep a$ described above. 
The screen shows definitions being entered for a step, step 1, of a process, 
process 1, The step comprises a first input msasl. of type "measurable" 
havnig units of microns, and a second input, contrL of t>^e "controllable", 
having units of angstroms. Lower and upper raBge 1imit$ are mt shown . 

20 Likawise, the step comprises two outputs, out I and out2, having units 

respectively of microns and angstroms, and ranges respectively of 300 microns 
400 angstroms, 

Returning now to Pig. 1, and the step of defining a range for each input 

13 
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md for cacli output i$ followed by a of defining a relatiomhip bei-weeu the 
mputs the outputs. The types of relationships that may typically be 
available ars sumnmrized below in table 1. Other types of relationships are 



possible-, as thti skillsd person will be aware. 





Deserlpelort 




$howy\ below is a simplltled example of a linear modisi without mteradions. 
1 ! 

m$ type of model entails Use smelted number of ^perimsnts. The fewer 
the cxperimentSi the Isss accaitite the model w 11 be. To be used only when 
nti\b^ quadratic behavior nor interactions are expected. 


Li-iC^ar with 
sAter&vVions 

i 


ShowTi bdow is a simpUHed e^tauiple a linear mode! with Interactions. 

Y-b, + biXi-^b,Xi^b3X. ^biiXi X2 btsXjX^+bsjXiXs 

1 ^ ^ — -J -—v 

Uj^aoniy whert quadratic fedmvior k notdxpatttfifi. 


Qijadratir \vithDttr 
irstciiiCtiOnS 

s 


Shown below is a simplified exfjinple of a quadrtitic mode! without 

jntcractions. 

Y = bo + -bi X, + bjX2 ^bsXi + bi , Xf + b^X^t bjsXj 

L_ ^ J i ^ J 

For^ise on\y ^henqusiu^tic behavior ia expcctKi, but without interaciiQiis. 


; Qaadmilswlih 

! 

1 


Shown beiow is a simplilicd example of a quadraik model with Interactions. 

Y = bo + K Xi 4 bjX: -^^3X3 bisXi X2 ^ fchsX, Xi+ baXsXi 

1 IE t 
1 1 1 

Linear tnleradions 
, bi] Xi^ + b22X2+ b33Xi 

1 , 1 

Fcsr when exps(jtjrig quadratic bishavtor with interacTions* or when imsirii 
of tha modal behavior nliis model requires Ehs itiost expferifiientaiion, 
provides tiie most accurate model. 



5 Table 1 - Typically available model types 

As f^hown m table L a linear model without interactions is the simplest 
t>pc of relationship between the inputs and the outputs. The model requires the 



14 
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least amount of cxperhnfintation to provide statistically significant data. The 
most complicated model t>pe shovm i$ the qvutdratio rel?itiOTi$hip with 
interactions. It requires the togesJt numbaf of experiments in order to obtain 
sutTicient data to determine the model coefficients. The quadratic relationship 
5 with interactions is a particularly preferred mathematical approximation for a 
typkd\ process and is the model type that is ideally selected when nothing is 
known about the relationship to be modeled. 

In table 1^ linear and quadratic models only are shorn. It is also 
possible to use cubic and higlser order models should the process to bs 
ID controlled require it. However, cubic and higher order models are used only 
rarely in process coctroL 

Following the selection of ths most appropriate model type, it is possible 
to suggest a reconi^nended number of experiments* The recommended number 
is calculated u^ing predetermined rules based on tlie selected model type and 
15 the number of inputs. The way in which the number of experiments is 
calculated is part of the DOE procedure and will be described in greater detail 
at the end of this description with reference to Figures 9 to 13 . 

Reference \s now made to Fig, 3, which shows a generalized screen 
display for selecting a model In the display, the four available model typ^s are 
20 shown, and the desired selection is highlighted. Under a heading 
"Experiments" ts shown a recommended number of experiments that has been 
calculated based on the selected model type and the mrniber of inputs* defmed 
earlier. In this case, the reconmieDded number shown is IS. 

15 
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Retumbg again to Fig. U and the system now recomni,eiids input values 
to be used for e£ich of the recoimuended experiments. The input levels aie 
selected so as to be scattered in an effective manner around the whole space. 
This mcludes runrdiig the process at its extremes for each of the input variables. 
5 The results ars prcfe/ably provided, as a table, each row representing a different 
experiment. Such a table is $homi in Fig. 4, with spaces for entering output 
values. 

The process is preferably carried out for each one of the recommended 
experiments and tlie le^u] ts obtained are entered into the table. 

10 Reference is nov/ m,ade to Fig, 5, which is i\ simplified flow diagram 

showing how the data obtained from the experiments described with reference 
to Fig. 1 may be used to form a lockup table for the POEM empirical method 

In Fig. 5, a mathematical $tage of regression i$ carried out to calculate a 
formula that describes the process output In terras of the inputs. More 

15 precisely, regression involves the taking of the formula of the model type 
selected previously and deriving coefficients for each of the terms so as best to 
fit the input data with the observed outputs. Fig. 6.shows a typical series of 
coefficients that may be generated in this way. 

Ones th2 formula is available, it may be used to build a full staristical 

20 resuhs database by calculating outputs acio$£? the whole of the input space. As 
mentioned above, DOE experijnents are preferably carried out at least at all of 
the extreme points of operation of the process. Thus preferably none of the 
output calculations involves extrapolation of data outside the area in which 

16 



PS-DEC-oBm ITi^B FROPI^G.E.EHRLICH 1995 LTD 972+3+6127575 T0:7G3 534S&73 P.0£1 



experimentation has been canicd out, giving additional validity to the results. 

Reference is now briefly made 10 Fig. 7, which is a smipLified diagram 
showing statistical data which may be used to verify the quality of the formula 
ohtained, The use of the data $hown is apparent to the skilled person and is not 

S d,escribed in fcriher detail. 

In the following, the use of the results database for POEM is explained, 
although it will be appieciated by the reader that the use of the statistical rt^sults 
database is not restricted thereto, atid is particularly applicable to other 
empirically-ba.^ed methods ^ch as CART referred to above. 

10 Each of the Lnput mjiges is divided into a plurality of discrete regiom 

and the iriput variable is henceforth described, in terms of the discrete regions 
into which it has been divided. For n input variables, the input spaces is now 
describable as a series of n-dimei) clonal vectors which as a whole cover all 
input combinations. Each vector entry preferably 1ms a corresponding series of 

15 results^ $o that an average can be taken of the corresponding results to produce 
m average for the vector. Annealing is preferably carried out to improve the 
precision of the process. 

The vectors th\is produced are incorporated into a lookup table for 
cornrol of the process and the process is controlled by reference thereto for 

20 selection of the be&t recipe to control the process. Such a best recipe h 
searched for which differs from a current recipe in that the output is more 
favorable (meaning closer to the target value), the measurable variables are the 
same, ai^d only the controllable variables differ, 

17 
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In a preferred embodiment, once the system beginsi to operate using data 
obtained accordiiig to the above procedure, actual process data \% obtained. 
The actual data may be steadily accuniulated iJito the database or the user may 
prefer to wait for a period of time uniil he has a ststistkally sigaificaxit quantity 
5 of data 

In iht following example, use of the invention for improving the yield in 
a semiconductor manufacture process^ is described. 

In the process, a sihcon wafer is sharpened, that is to say an outer layer* 
perhaps m oxide layer, is removed. 

] 0 The proce$!i involves the following input parametBrs; 

• ITie Hiickness of the wafer before the process starts 

• The temperature of the machine while 5liarpeni.Dg. 

• The pressure within the machine whilst sharpening. 

The process has a single output paiuraeter, namely the thickness of tlie 
1 5 wafer following processing. 

The aim of applying the above-described embodiment to the process is 
to achieve a precise thickness at the end of the process although the tBlationship 
between the process ^s parameters result are initially unknown. 

According lo the DOE methodology a model type \$ selected, A number 
20 of experiments is set and inpnx valtifis for each of the experiments are 
calculated. Then mathematical regression is used to calculate a model, such as 
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the foliowing: 

ThicknsssAfter = 0.2*ThicknsssBefore - 0.09^emperature + 
1.45*Pressure-38 

Using this model we now build a lookup tab!e according to the POEM 
5 algorithm. 

In *e POEM algorithm each input variable is &$tly divided into sub- 
inlsmk. for example: 



Variable Name 


Interval 


Number 
of Sub- 
Intervals 


Sub-Intervals 


Thickness 


300-550 


4 


A: 300 - 387.5 
B; 387,5-475 
0:475-562.5 
0:562.5 - 650 


Temp 


20D400 


2 


A: 200-300 
B: 300 - 400 


Pressure 


68-97 


3 


A: 68-77.6 
B: 77.6-87.3 
C: 87.3-97 



Table 2 Division of Input Ranges Into POEM Discrete Units 



The input space now comprisss a series of the possible combinations of 
10 the iiput sub-intervals. Each combination is written as a vector and each of 
these input vectois defines s finite regioa of the input space. 

For each vector, the model (the formula) is now used to calculate a 
correspondLng predicted o utput value of the process. 

In applying the model to each vector, preferably a midpoint in the vector 
15 is taken to apply values to the fonniila. A remits set as follows may be 
produced. 
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Input Vector j 
(Thickness, 
Temp, Pi^s$} 


Center of the Vector 

Spaca^ usfid as input to 
the DOE model 


Predicted output | 
according to the DOE 
model 


{A, A, A} 


{343.75. 25O3 72,8} 


113.8 


(A, B,C} 


{343.75 92.15} 


132.9 




{606,25,250, 92.15} 


194.4 

i 



In the wafer example, for the inputs given, the table may contain 4*2*3 
== 24 cells in the lookup table. 
5 From now on, AFC may proceed in the normal way ii$i;ng the POEM 

methodoio© if the vector set represents genuine empirical information. 

While using the symhesiised data for APC, every run of the process 
provides expenraentaJ data for collection which is genuinely empirical. The 
data being collected can be used for improving the prediction ability of fte 
10 empirical method that is being used. 

As a rule, the prediction abiJity of an eaipirieal model improves as the 
amount of observed diita increases. 

Updi^ting of the data set from DOE data to genuine empirical data is 
shown for purposes of exmnple in coujunction with POEM msthodologys but 
15 the sblled person will be aware tJiat it may be Lrapleinented for any ether 
empirical method. 

Ri^tuming to the above example of wafer sharpening and as previously 
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nianlioned with refersnoe to table 3, a POEM lookup table was created using 
data from the DOE fonnula. 



Table 3 is here partly repeated for convenient reference; 



Vector 

{'fhicknsss, Temp, 
Pre.ssure} 


Pre(3icted ouTpat accordbg to the 
calculated (DOE) model 


{A, A, A} 


113.8 


iA,,B,C} 


132.9 


{D,A,C} 


194.4 



Table 3 Partially Repeated for Convenient Reference 
5 Acmal results obmined during lumiing of the process are preferaWy 

stored in a separate but correspanding table, exempliiSed by Table 4 below. 
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Values: {Thickness, Temp, 



Obser/ed output result 



{604,260.93} 



193.8 



{580255.89} 



192.1 



{634,290.93} 



195.0 



Table 4 Empirical Results 

The above tJiree sets of values are values which belong to the {D, A, C} 
vector groap of tatle 3 above. In each case, all of ths results corresponding to 
5 each respective input vector are taken atid an average or equivalent statistic 
calculated As there are now a number of observed results that belong xo the 
same input vector in the lookup table, it is possible to update the ^output' 
column belong to that vector to be the average of the respective observed 
results. In tliis cass the average may be calculated as follows: 



expected output (194.4) obtained using DOE. 

In addition to POEM tliere are naany other empirically based 
mathematical systems that may be used. Furdiemiore there are numerous 
methods, m addition to those already described, for incorporating newly 
15 obtained empirical data into the model For example, when obtaining 
Liiformation, it is possible to enter t^e data directly into the cuiTcnt lookup 
table. Alterr!ati.vely it h possible to wait until a statistically significant sample 



10 



]93.S-^i92.[-f]95 
3 



-193.6 



which differs $Ughcly Jircm the previous 
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ha$ been obtained before altering the loolc up table. In deciding when to 
inccrporate newiy obtained empirical data it should be borne in mind that tbe 
result of a rfngte process may be mrepresentative, and it k prefemble to avoid 
using questionable, that is not statistically meaningfal data in the look up mbk. 

5 Tl5C look up table being used diieclly to control the process and tlms use of 
stafericaily questionahie dalB could, as a worst case, lead to instability in the 
process being controlled. 

In a preferred embodiment of the present invention an APC is able to 
5 wh automaiically between DOE data and empirical data. Not only is it able, 

10 as described above, to replace DOE data with empirical data wh^n there is 
statisticaiiy significant erapirical data to be used, bat additionally or 
alternatively, it is able to detect waiiderijiig of the actual process outputs from 
the predictions of tbe lookup table. Preferably the amount of wandering is 
tested for statistical significance. Additionally or aJtematively it is tested 

15 against a ducshold. The threshold may be a statistical tiireshold. If the process 
is found to have wandered beyond acceptnble limits then die cun-ent empirical 
data mtxy be discarded and tfie DOE process is begun again, Following the 
building of a DOE based look up table a new set of empirical data is obtained. 
In a fartlier embodiinent, instead of beginning the DOE process again, a 

20 previously obtained DOE formula is revcncd to. 

In a furtber embodiment of the present invention, alternative DOE and 
empirical processes are built iiito an APC device. The device is .in$ta31ed and 
automatically sets itself to carry out a DOE set of predetemiined experiments 
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as described above in m initial lesming process. Data obtained from the 
fomiah is then automatically m^ide \mo a lookup t^iblo described above, 
without user intervention axid used for APC during a secondary learning 
process. During the; secondary ieaining process empiricai dam is obtained, 
5 again automacicaily, and incorporated into the lookup table in one of the ways 
described above to replace the DOE data m a final phase in which, preferably, 
learning continuss to occur as the empirically obtained data is continuously 
updated in Thd light of mor^ recant results. Additionally, the embodiment may 
incorporate automatic return to DOE followirig signltlcant wandering of actual 
1 0 results from predicted result?, as described above. 

in the above pre-installed enibodinnent, preferably tjie process type is 
kno™ and thus the model type, linear, quadratic etc may be preset. Thus the 
maximum user intervention that is necessary is preferably arranging the 
settings for ihe DOE defmed experiments. 
15 Reference is now made to Fig. 8^ which is a simplified graph of a two- 

dimensional input region 80, illustrating a mode of u$Jng DOE taovm, a$ 
evoiudonarj^ operation. Two inputs I] and I2 define between them a total input 
space 80 Within the total iriput space SO, a smaller input region 82 is nssd in a 
first set of DOE experiments. The smaller regior. 82 may have been chosen 
20 because it is believed to produce the besi results or because it is easiest tc nm 
experiments in this region or bec^ti$e re$OLirce$ for carrying out the 
experiments are limited, or for any other reason. In particular, a reason may be 
a decision on methodology of searching the input area since Ctoying Out DOE 
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on Ilie total ai'ea 80 may laot deiect, or may not be good at deteciing, suMe 
vamfiorts m output in localized parts of the region SO* 

DOE results for input xogm 82 m thus obtained and used in the tsormai 
way. Later on, perhaps because uasatigfactory output? are achieved, it is then 

5 decided xo investigate a second^ pre&rabiy co-ntiguous region 84. The second 
region 84 nmy yield results which are better, worse or indifferent. If the results 
are better then it will be clear tbat region 84 is a better legion within which to 
ran tht? prom^t^ than, region 82. PvirlheTjnore, if there is an improvement in 
yield when moving in the direction of region 84. then it makes sense to 

]0 inve^igaxe ftirther regions contiguous to region 84. For example, region 86 
may be searched. Ag^iin, if region 86 produces an improved yield thm it 
makes sense to investigate fDrther regions contigiicus to region 85, sach as 
region 88^ mtil no fijrfiier iniprovement in the yield i$ found* 

It will be appreciated that the investigation of contiguous regions is 

]5 susceptible to ending at a local maximuni, and thus in a preferred embodiment 
investigaTion is not limited to contiguous regions. A disadvantage of this 
approach however is ia the co$t of an increased number of experiments. 

Reference is now made to Figs. 9 - 13 whicb are graplis of typical input 
regions for DOE analysis. The graphs illustrate the cxpe.ri.nient placing 

20 strategies that DOE uses in order to obtab me^mingful information about the 
input space. 

Fig, 9 shows a simple two-input system. The A and B axes represent the 
two inputs and a square 90 represents the input space that is of practical interest 
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to tki expsriinenters. For each input, experiments, indicated by ciicles 92, are 
vaiTied out for miniinani and itjaxiinojn levels of that input A total of four 
experiments is carried out to obtain what is knowi as a 2-level full factorial 
w$uK tlmv is to say two levels for each input, 
5 Reference is now made to Fig. 10, which is the same as Fig. 9 except 

that tliTBe levels are studied for each one of tv^'o inputs to give a three level Mi 
factorial result. In general, for k level ftill factorial the nunaber of experiments 
needed is 

10 where n is number of inputs or factors. As will be appreciated, the input 
conditiom for each experiment are as denned by it$ position in the graph. 

As well as full fectorial combinations, it is also possible to use fractional 
fecTOiial combinations. A fractional value is seteeted such as *4 and this 
enEiWes a significant decrease in the number of expetsments at the cost of losing 
] 5 information regarding interactions betvveen the different inputs or factor^;. 

Reference is now made to Fig. J 1^ which is a graph showing a three 
I^vei Ml fectorial design for tliree inputs, A total of 3^ - 27 experiments are 
recommended under evenly distributed input conditions. 

Reference is now mftde to Fig. 12, which is a simplified graph showing 
20 what is known as central composite design (CCD). CCD is efficient for 
calcuiating quadratic models, and comprises taking experiniental points 
calculated according to th^; Ml Or p^^rtial factorial model as required, and 
adding to this a center point and two radial or star points for each factor. 
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la a preferred embodiinent, instead of taking a sbgle center point two 
centrally located pOiHts are sekcted. 

In Fig. 12 which tias two factors, four radial points are taken, md in Fig. 
13, which shQ^?v'$ the equivalent case for three factors, six radial points 
5 taken. 

DOE thus preferably provides an orthogonal array of points 
geometrically arranged over tie input spsic^. The arrangement iway be such as 
tc cover the input space evenly or may use a CCD arrangement. If a 
boundaries only version such as that of Fig. 9 is used for a linear model, it is 
10 recommended to take two central points as well to confirm that the process is in 
fact linear. 

fn carrying out DOE, it may be bome in mind that the moTe experiments 
t.hat are earned out the more accurate the resulting model noay be ^ixpecred to 
be, on the ottier hand the longer and more expensive the experimenra] setup 
15 stage becomes. Thus a DOE routine attempts to strike a balance between 
accuracy and efficiency in selecting the ntmiber of experiments. Fiu-ttiermora 
the user may choose not to caiT>' out some of the recommended experiments. 
Generally, it will still be possible In such a case to generate a model, although 
accuracy will be lost. 

20 According to the above-described embodiments, APC rnstliods using a 

process mode] for control, and requiring empirical data to build liie model, 
which data is difficult, expensive or time consuming to obtain, may be fed With 
useful data affcer a minimal number of experiments in a reduced learning period, 
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using rigid experimental design techniques such as DOE. Embodiments may 
gradually or otherwise replace the calculated data with actual empirical data as 
it beconiss available aad certain prefeired embodiments may revert to existing 
or newly obtained DOE data when it becomes apparem that a pi:oce$$ bcmg 

5 controlled has wandered from an existiug process control model. 

It h Hppfreciated that certain features of tlie in^'ention, whiclT are, for 
clarity, described in ilie context of separate embodiments, may also be provided 
in combination in a single embodiinent. Conversely, various feattires of the 
invention which are, for brevity, described in the context of a single 

10 smbodimBnL may also be provided separately or in any suitable 
subcombination. 

Ir will he appreciated by persons skilled In the art ihm the present 
invention ]% not limited to what has been particularly shown and described 
hereinabove. Rather the scope of the present invention is defined by the 
15 appended clairas snd includes both combinations and subcombinations of the 
various features dBScribed hereinabove as well as variations and modifications 
thereof which would occi^ to persons skilled in the art upon reading the 
foregoing description. 
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